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Towards bridging  the genotype-phenotype gap

systems level dissection of the impact of variation in DNA 

sequence and structure on gene expression
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• association 
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• association 

• specific  gene / mutation

• Mechanism of action 

• Effect on other molecules/pathways? 

• Complexity of phenotypes

• epistatic effects
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Impact of variations in DNA/RNA sequence and 

structure on gene expression and function 

Propagation of genetic perturbations through the 

molecular system

Uncovering epsitatic   interactions
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• Conformational changes in DNA structure

• Conformational changes in RNA structure

• Propagation of the effect of copy number variations 

• Identification of pathways dys-regulated in cancer

• Identification of “causal” genes

• Identification of epistatic interactions involved in drug 

resistance



melted DNA (SIDD)
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cruciform

H-DNA

Z-DNA

G-quadruplex

Conformational changes of DNA structure
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collaboration with  David Levens (NCI) and Rafael Casellas (NIAMS)

Special acknowledgments:

Damian Wojtowicz, Fedor Kouzine, Arito Yamane 
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Conformational changes in DNA structure
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collaboration with  David Levens (NCI) and Rafael Casellas (NIAMS)

Special acknowledgments:

Damian Wojtowicz (TP), Fedor Kouzine (DL), Arito Yamada (RC)



melted DNA (SIDD)

cruciform

Z-DNA

G-quadruplex

H-DNA

Detecting Non-B DNA structures in vivo 
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melted DNA (SIDD)

cruciform

Z-DNA

G-quadruplex

H-DNA

Detecting Non-B DNA structures in vivo
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Single stranded 

DNA fragment

…
Sequencing of adjacent

DNA fragments 

Detecting unpaired bases:

ssDNA - Seq



melted DNA (SIDD)

cruciform

Z-DNA

G-quadruplex

(YR.YR)n

(G)n tracts

inverted repeats

H-DNA

(Y.R)n mirror repeats

A+T rich sequence

Detecting Non-B DNA structures in vivo
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Detecting unpaired bases:

ssDNA - Seq

Single stranded 

DNA fragment

…
Sequencing of adjacent

DNA fragments 



Specific non-B DNA structures are 

accompanied by specific tag distribution
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melted DNA (SIDD)

cruciform

Z-DNA

G-quadruplex

H-DNA
Expected tags distribution for SIDD



Specific non-B DNA structures are 

accompanied by specific tag distribution
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SIDD-signature



Specific non-B DNA structures are 

accompanied by specific tag distribution
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Z-DNA-signature



Summary –

• Enrichment of ssDNA-seq in predicted non-B-DNA 

structures 

• Consistency of tag distribution with theoretical 

predictions

suggests (abundant) occurrence of non-B DNA 

structures in vivo

Questions 
• What is their role, mechanism, interaction with other 

regulatory elements and Pol II activity
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Conformational changes in mRNA structure 

induced by SNPs

Special acknowledgments: Raheleh Salari

Motivation:

• 5’UTR mRNA structure has regulatory role

• Impact of mRNA structural changes  in coding 

region

o possible impact on splicing

o changes in translation dynamics leading to 

altered folding kinetics of nascent protein chain, 

and potentially  protein misfolding
SNP



Computational estimation of the impact of a SNP 

on mRNA structure

p – assembly structures assumed by wild type:

Minimum free energy 

structure
(area of a circle ~

probability of the structure)
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Computational estimation of the impact of a SNP 

on mRNA structure

assembly structures assumed by wild type

assembly of structures assumed by mutant

Need to compare assemblies of structures taking into 

account the probability of each structure 

17

!



Measures for comparing 

of  assemblies of structures

(a) Relative entropy 

(b) Boltzmann distribution distance

(c ) Base pair probability distance 1
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Algorithm using the dynamic programming approach

Salari  et al., RECOMB 2011 best poster award

Manuscript in preparation

p – probability distribution for the assembly of structures assumed by wild type

q – probability distribution of the assembly of structures assumed by the mutant



Disease associated SNPs with significant 

changes in 5’UTR of mRNA structure 

19

HGMD_ID gene type SNP

Relative

Entropy Boltzmann BP distance Disease  association  

CR063412 PSMA6 5UTR C102G 24.172115 0.999975 0.340256Myocardial infarction

CR004298 PROC 5UTR A31C 16.017752 0.998877 0.48465Vitamin C deficiency

CR021383 FMR1 5UTR G107C 15.988396 0.998711 0.380948Fragile X mental retardation syndrome

CR014434 BDNF 5UTR C301T 13.781923 0.999308 0.294717Alzheimer disease

CR073552 NIPBL 5UTR C406T 12.521728 0.990199 0.290129Cornelia de Lange syndrome

CR011064 FTL 5UTR C14G 11.890619 0.999761 0.382966Hyperferritinaemia-cataract syndrome

CR040301 MX1 5UTR G88T 11.583429 0.99957 0.251678Panencephalitis, sclerosing

CR900265 HBB 3UTR A111G 11.047469 0.997338 0.252509Thalassaemia beta

CR025352 ABCA1 5UTR C35G 10.43122 0.996079 0.452606 Increased triglyceride level

CR025435 EGF 5UTR A71G 10.087699 0.998617 0.22925Malignant melanoma

HR030029 FTL 5UTR C29G 9.462504 0.979854 0.242743Hyperferritinaemia-cataract syndrome

CR061334 FTL 5UTR T22G 8.622743 0.996843 0.350765Hyperferritinaemia-cataract syndrome

CR066669 PLTP 5UTR C47G 8.426413 0.996272 0.295778 Incr. HDL-C levels



Can structural changes in mRNA explain disease 

associated silent SNPs ?

20

Collaboration with Andy Fung (Michael Gottesman’ s group, CCR)

A  Silent  Polymorphism in the MDR1 Gene Changes Substrate Specificity –

C. Kimchi-Sarfaty et al. Science 2006

Collaboration with Chava Kimichi-Sarfaty (FDA) 

Disease associated silent mutation in F9 - coagulation factor IX gene

Disease associated “silent SNPs” change mRNA structure:  

Disease causing silent mutations in MDR1 gene



Summary - Efficient computational method to measure effect of 

SNPs on mRNA allows us to identify disease associated SNPs 

that have impact mRNA structure
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Impact of variations in DNA/RNA sequence 

structure on gene function 

How genetic variations propagate through the 

molecular system?

Combinatorial regulation and epsitatic 

interactions
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Copy number variations  (CNV) 

(gene dosage) 

• implicated in large number of human diseases (cancer, Crohn's disease, 

autism)

• 28,025 structural variants identified in 1000 genome study (2,000 changes 

affecting full genes or exons)

• Frequent  type of somatic mutations in cancer
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collaboration with Brian Oliver  group (NIDDK)

Special acknowledgments:

John Malone, DongYeon Cho

Impact of gene dosage on gene expression
(Drosophila melanogaster) 

DrosDel lines 



Impact of CNV on gene expression
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collaboration with Brian Oliver  group (NIDDK)

Special acknowledgments:

John Malone, DongYeon Cho 

Expression (wild type)

E
x
p

re
s
s
io

n
 f

o
ld

 c
h

a
n

g
e
 (

lo
g

2
)

0

-1



26
Fly functional network from Costello et.al GB 2009

Impact on genes outside the deletions



27
Fly functional network from Costello et.al GB 2009

Impact on genes outside the deletions



Genes which show drastic changes due to reduced gene dosage 

are much more likely to see expression changes  for 1st order 

network neighbors 
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Summary:

Copy number variations impact expression of genes 

outside  deletion in network-dependent way

Indication of feedback loops acting on deleted genes 
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Propagation of the effects of CNV 

in Glioma

Special acknowledgments:

Yoo-ah Kim

Motivation:

• A method for system level analysis of propagation of 

such perturbation in the network

• Identification  pathways dys-regulated in disease 

• Capturing master regulators (network hubs) involved in 

disease 

• Identification “causal” mutations



Propagation of the effects of CNV 

in Glioma

Gene 1 

Gene 2 

Gene 3

.
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Gene expression data 

. . . . 

Cancer Cases

CNV data 
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Propagation of the effects of CNV 

in Glioma

Gene 1 

Gene 2 

Gene 3

.
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Gene n
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Gene expression data 

. . . . 

Cancer Cases

CNV data 
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Integrated 

Protein-protein, protein-DNA 

phosphorylation network 



Cancer Cases

Gene expression data 

. . . . 

Cancer Cases

CNV data 

eQTL analysis : Testing associations between 

copy number variations and gene expression 
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Too many possible pairs to consider them all !!! 



Cancer Cases

Gene expression data 

. . . . 

Cancer Cases

CNV data 
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Selecting representative set of target genes



Cancer Cases

Gene expression data 

. . . . 

Cancer Cases

CNV data 
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Associations between copy number variations 

and gene expression of selected target genes



Gene 1 

Gene 2 

Gene 3

.

.

.

.

.

Gene n

Cancer Cases

Gene expression data 

. . . . 

Cancer Cases

CNV data 
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Uncovering pathways of information flow between 

genetic loci and a target gene



Cancer Cases

Gene expression data 

. . . . 

Cancer Cases

CNV data 
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Uncovering pathways of information flow between 

CNV and target gene



Cancer Cases

Gene expression data 

. . . . 

Cancer Cases

CNV data 

Uncovering pathways of information flow between 

CNV and target gene
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Cancer Cases

Gene expression data 

. . . . 

Cancer Cases

CNV data 

Uncovering pathways of information flow between 

CNV and target gene

39



Gene 1 

Gene 2 

Gene 3

.

.

.

.

.

Gene n

Cancer Cases

Gene expression data 

. . . . 

Cancer Cases

CNV data 

Resistance - set to favor most likely path -based on gene expression values
(reversely proportional to the average correlation of the expression of the adjacent genes with 

expression of the target gene)
40

Uncovering pathways of information flow between 

CNV and target gene



Cancer Cases

Gene expression data 

. . . . 

Cancer Cases

CNV data 

Possible means of information flow between CNV 

and target gene?

Resistance - set to favor most likely path -based on gene expression values
(reversely proportional to the average correlation of the expression of the adjacent genes with 

expression of the target gene)
41



Selected target genes, causal genes and 

pathway hubs 

. . . . 

42

Target 

genes

hubs

causal 

genes

Examples of genes known to be associated with glioma



Cancer Cases

Gene expression data 

. . . . 

Cancer Cases

CNV data 
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Are there common functional pathways?
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Common GO pathways 



Advantages of current flow approach

45

• Ability to use expression to guide the flow of information

• Efficiently solvable by solving a set of linear equations (Kirchhoff's 

laws) 

Caveat: solving a linear system with 20,000 variables thousands 

of times (permutation test !) required new methodology 

Kim, Przytycki, Wuchty, Przytycka – Phys. Bio. – in print

• Extendable  to directed edges

• The first approach that addresses the question of relation between 

CNV and dys-regulated genes/pathways  identifying common dys-

regulated pathways and causal genes

Kim, Wuchty, Przytycka – PloS Comp Bio 2011



Variation in DNA sequence and structure and 

their impact on gene expression

How genetic variation propagate through the 

molecular system?

Uncovering epsitatic   interactions

46



Epistatic interactions 

epistatic 

interaction

Effect of gene g1

depends on gene g2

g1 g2
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Epistatic interactions 

epistatic 

interaction

Effect of gene g1

depends on gene g2

Synthetic lethality 

-g1 -g2

g1 g2
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Epistatic interactions 

Synthetic lethality 

-g1 -g2

-g1;-g2

epistatic 

interaction

Effect of gene g1

depends on gene g2

g1 g2
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Parents with different 

genetic background  

Uncovering epistatic interactions in 

the context of genetic crosses

Special acknowledgments:

Yang Huang

Progenies with different phenotypes 
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…
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…

Parental strains

Progeny strains 

(genotype)  

Uncovering epistatic interactions in 

the context of genetic crosses

N

R

…

Resistant 

Resistant 

R R
R

R

Progeny strains 

(phenotype)  

Strain 0

Strain 1
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…

Parental strains

Progeny strains 

(genotype)  

Locus Compatibility approach

l’

l’’

X

R
Resistant 

Resistant 
R

N …R R
R

Strain 0

Strain 1
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…

Parental strains

Progeny strains 

(genotype)  

Locus Compatibility approach

l’

l’’

X

R
Resistant 

Resistant 
R

N …R R
R

Find pair of loci l’,l”

0,0 R

1,1 R

0,1 NR

Progeny strains 

(phenotype)  

Strain 0

Strain 1
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…

Parental strains

Progeny strains 

(genotype)  

Locus Compatibility approach

l’

l’’

X

R
Resistant 

Resistant 
R

N …R R
R

Find pair of loci l’,l”

0,0 R

1,1 R

0,1 NR

Progeny strains 

(phenotype)  

Strain 0

Strain 1

Computational challenge – limiting the number of pairs tested

!



response to 4-NQO treatment 

Both parents – resistant 

Progenies - 31 sensitive; 53 resistant; 

S. cerevisiae DNA repair phenotype dataset (Demogines et al, 2008). 

Application to yeast DNA repair phenotype 
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RESULT: 

5 candidate interacting pairs of loci
(l1,l2) , (l1,l3) , (l1,l4) , (l1,l5) , (l1,l6) 

l1 locus contains gene Rad5 – involved DSB repair processes 

Application to yeast DNA repair phenotype 

Rad5

l2

Experimentally confirmed  by Trey Ideker and collaborators. 

l3

l6

l5 l4
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Impact of variations in DNA/RNA sequence and 

structure on gene expression and function 
• Combined experimental and computational evidence for 

occurrences of non B-DNA structures in vivo

• Method to measure impact of SNPs of mRNA structure

Propagation of genetic perturbations through the 

molecular system
• Method to  identify dys-regulated pathways in complex 

diseases 

• Identification of causal genes 

Epistatic interactions 
• A new method to study drug resistance 
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Selecting representative set of target genes using 

set cover approach  

60
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Epistatic model for effects on gene expression 

61

Progeny strains

(genotype)  

Progeny strains 

(expression) 
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• c

Binding motifs for FBP domains KH3+HK4 inferred based on paper by
Benjamin, Chung, Sanford, Kouzine, Liu, Levens, PNAS 2006

• Regulatory regions 

• Mutation in coding regions 

• Copy number variations (CNV)

63



64



• Properties related to promoter 

melting

Kouzine, Wojtowicz,  Yamada et 

al.  in preparation

• In vivo detection of Non-B-DNA 

structures 
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• Properties related to promoter 

melting

Kouzine, Wojtowicz,  Yamada et 

al.  in preparation

• In vivo detection of Non-B-DNA 

structures 
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Impact of silent mutations

• Codon use optimized in evolutions for translation efficiency

• Codon use is associated with expression noise

Salari, Zheng, Wojtowicz-manuscript in preparation

• Codon use is optimized to reduce translation errors including frame-shifting

Huang, Koonin, Lipman, Przytycka NAR 2007

• By altering translation speed can impact the dynamics of protein folding

- Codon dependent speed of translation 

- mRNA structure 

• Codon usage

• mRNA structure 
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Impact of variations in DNA/RNA sequence 

structure on gene function 

Propagation of genetic perturbations through the 

molecular system

Uncovering epsitatic   interactions
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Regulatory role of DNA conformational 

changes in DNA structure 
collaboration with  David Levens (NCI) and Rafael Casellas (NIAMS)

Special acknowledgments:

Damian Wojtowicz (TP), Fedor Kouzine (DL), Arito Yamada (RC)
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Is response to CNV gene specific? 
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Is response to CNV gene specific? 
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Starting from selecting “disease genes” we identified 

copy number variations that  associate with expression 

changes  of these genes and putative pathways that 

propagate the genetic perturbation from copy number 

variation to the disease genes
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candidate sets: 
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79
Fly functional network form Costello et.al GB 2009

Propagation of the effects of genetic 

changes (DrosDel)
collaboration with Brian Oliver  group (NIDDK)

Special acknowledgments:

Jon Malone (BO), DongYeon Cho (TP)
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Form our brain cancer studies:


